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Introduction
As solar energy applications, especially photovoltaics (PV), have become an attractive alternative to conventional power supply in recent years, solar panels are becoming an increasingly common 5 element in the urban landscape. For historic buildings the installations may have a strong impact on visual appearance not only of the single building but of the whole district (see Figure 1 ).
The historic building stock is a non-renewable 10 cultural and material resource for which we must find ways to reduce energy demand and greenhouse gas emissions without unacceptable effects on the heritage values (CEN, 2017) . * Principal corresponding author Email address: david.lingfors@angstrom.uu.se (David Lingfors ) A sustainable use and preservation of historic 15 buildings requires broad and long term compromises between social, economic and environmental aspects. The decision context is multi-disciplinary and involves both qualitative and quantitative analysis (Broström and Svahnström, 2011) . The present 20 paper is part of the development of a method to determine the solar energy potential in historical districts given three constraints:
1. shading, 2. visibility, This is an iterative process where the effects of different thresholds in all three stages must be investigated.
Solar panels may have a physical impact on the 30 historic building fabric, such as damage of his- toric roofs, i.e., some documentary values are lost (Swedish National Heritage Board, 1998) . But the main controversy related to installing solar panels is the effect on the architectonic and aesthetic ex-35 pression of the buildings, i.e., the experience values (Swedish National Heritage Board, 1998) . Thus the estimation of visibility is crucial in planning and decision making. Hence, an important aspect, that mainly im-40 pacts the experience values, is to what extent a solar energy application is visible for people residing nearby. It may be acceptable, as long as the visibility is low, the integration with the present architecture is high and there is no risk of damaging 45 or distorting the building material of the building envelope (Munari Probst and Roecker, 2015) . Some attention has been given in the literature to find tools or methods that can help in decision making when considering solar energy applica-50 tions on buildings with high cultural-heritage values (Munari Probst and Roecker, 2015; Munari Probst, 2012; Munari Probst and Roecker, 2007; Florio, 2018) . This paper mainly focuses on assessing the visibility of potential solar energy applications. Flo-55 rio (2018) gives, in his thesis, an excellent review on the current literature on visibility assessment with emphasis on renewable energy technology. He concludes that the visibility can be assessed by (i) inquiring experts, (ii) the general public, or (iii) by 60 spatial modelling. Similar to this study, he focuses his thesis on the latter, but with a different approach than here.
As soon will be explained, the method proposed in this paper differs from the visibility assessment 65 methods previously reported in literature. The vast majority bases the analysis from the perspective of the vantage point or the actual observer (see chapter 3 of Florio (2018) for a thorough review). Thus, these kind of methods can be categorised as 70 observer-based methods.
One common concept used by observer-based methods is the isovist, illustrated in Figure 2 . It is defined as the area in the urban landscape, which is visible from a specific vantage point (Tandy, 1967) .
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If considering the isovist for multiple vantage points (red dots in Figure 3 ), one will achieve a measure of the number of times an isovist touches a certain building. This is referred to as the cumulative isovist and could be understood as the number of loca-80 tions that a building is seen from (Llobera, 2003) . Since roof-tops and facades are of interest for solar energy applications, it is natural to extend the isovist to 3D, which spans a volume in the urban landscape (Morello and Ratti, 2009 ). 85 Bartie et al. (2010) focuse, to some extent, more on the target as it evaluates the visibility of a specific feature of interest (FOI), e.g., a characteristic architectonic element of a building. They evaluate the visual exposure of the FOI based on five crite- of the building envelope, i.e., what is visible from the location of a potential solar energy application, 100 either applied to or integrated in the building envelope. This is hereafter referred to as the target-based method.
The paper is structured as follows. Section 2 describes the proposed method and two case studies 105 on which the method has been applied. Section 3 presents the results from the case studies and in Section 4 the implications of the results are discussed. Section 5 gives some conclusions and an outlook.
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Methodology
In this chapter, the methodology of the study is presented. After a brief overview of the methodology, the data used in the study is presented in Section 2.1. In Section 2.2 the proposed methodol-115 ogy for visibility assessment is described in detail, and in Section 2.3 the two cases studies for Stockholm and Visby, Sweden, are presented, in which the methodology was evaluated.
The target-based approach is a development from 120 the method reported in Lingfors et al. (2017) , in which viewshed analysis is performed on a vectorised building model to determine the impact of shading on the total insolation onto the building envelope. Here, the viewshed analysis is extended 125 below the horizon (see Figure 4c ). Hence, below the horizon only the visibility is assessed, while above it, both the shading and visibility are assessed simultaneously for a set of azimuth and elevation angles (see Figures 4a and 4b , respectively).
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The visibility assessment also requires that the type of object that lies closest the roof under evaluation, in a given direction, is determined ( Figure  5b) , while for the shading assessment this is not important (assuming trees to be opaque) (Lingfors 135 et al., 2017) . If the closest object represents ground the building can be seen from here, while if it is a tree one may assume the building is not visible in this direction. Additionally, the distance or the angle-of-incidence (AOI) to the object may be of 140 interest, as these will impact the visual perception (see Figures 5d and 5c, respectively).
Moreover, to save computational power, only building surfaces that theoretically would be interesting for solar energy applications could be con-145 sidered, i.e., those with such favourable orientation that, if unshaded, would have a solar irradiance that will make a solar energy application economically viable. This filtering would preferably be done before the joint shading and visibility assessment.
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The methodology can therefore be summarised as follows: 
Data requirements
Building footprints were taken from the "GSD-Property Map", provided by the Swedish Land Survey (2018), to define the location and shape of buildings. From the same map, the property bor-170 ders were used to define the public domain of one of the evaluated case cities, Visby.
LiDAR data were also provided by the Swedish Land Survey (2015) . The data set covers the whole Sweden and is therefore of lower resolution (0.5-175 1 pts/m 2 ) than most LiDAR data sets, which only covers a specific urban area. The LiDAR data set is classified into ground and unassigned according to the standard protocol for LiDAR data (Heideman, 2014) . The LiDAR data set was initially filtered beanalysis as these would neither contribute to the shading assessment, nor the visibility assessment.
Target-based visibility assessment
In this section, the proposed visibility assessment method is described. As mentioned in the intro-200 duction, the method is an extension of a method for shading analysis, developed by Lingfors et al. (2017) . That method is summarised in section 2.2.1 and in the consecutive section (2.2.2), the visibility assessment method is outlined. 205 Figure 6 is a simple illustration of some essential features of the shading analysis. The shading analysis is consecutively performed for every flat segment of a building envelope, hereafter referred to 210 as a building facet (Figure 6a ). Both the buildings and the objects surrounding it, are derived from the LiDAR data set, the former by using linear regression (see Lingfors et al. (2017) for details). For the surrounding features, the LiDAR data are first filtered (see Lingfors et al. (2018) ) before triangulated irregular networks (TINs) are derived using Delaunay triangulation. A TIN makes up a surface model connecting all points of a LiDAR subset to form triangles, with no points enclosed by any 220 triangle. These TINs are the basis of the viewshed analysis. There is a distinction between the ground and terrain TINs (light green in Figure 6 ) as the resolution of the ground is higher (10 m), representing nearby ground features (within 50 m 225 radius of the building), while the resolution of the terrain TIN was set to 50 m (within 1000 m radius). The non-ground features (dark green in Figure 6 ) impact the shading the most and the TIN resolution is therefore set to 5 m for the zone 20-50 m 230 from the building and 2 m within a 20 m radius of the building. Higher resolution improves the result negligibly, but impacts the computational time considerably (Lingfors et al., 2017) .
Shading analysis of PV systems
Since the TIN is a continuous surface, patches of 235 trees will be connected in an unnatural way (e.g., there will be triangles connecting tree tops, which may lead to the shading being overestimated). In the latest version of the model, this problem was fixed by introducing a maximum threshold on the 240 catheter length. Triangles surpassing this threshold are removed and instead new vertical triangles are created connected to the ground. The TINs and building facet polygon are projected along a sky vector (dashed black line in Fig-245 ure 6b), directed at, in this study, 18 × 36 segments of the sky, representing the altitude (in steps of 5°) and azimuth (in steps of 10°) dimensions, respectively ( Figure 4 ). While CIE recommends an equal-angle subdivision of the sky into 145 segments 250 (Freitas et al., 2015) , based on the work by Tregenza (1987) , here an equal-angle subdivision was chosen due to its symmetry and computational simplicity. The resolution of the sky segments is, however, user-defined. The building facet may not be 255 fully obscured by a triangle along the sky vector, therefore the facet is discretised into a regular grid of facet points (see Figure 6a ) separated by 0.5 m according to the methodology of Martínez-Rubio et al. (2016) to consider partial shading/visibility 260 of a potential solar energy application. This means that some facet points may be flagged as shaded (black dots in Figure 6a ) and some may not be.
The dark gray areas of Figure 6 represents the public domain, which is used for the visibility as-265 sessment and further explained in Section 2.2.2.
The analysis is thus repeated for each sky vector and a unique shading map or viewshed is produced for each facet point (Figure 5a ). The viewshed is used as input for the computation of the solar irra-270 diance on the building facet when shading is considered (Lingfors et al., 2017) .
Visibility assessment method
In this work, the methodology described in the previous section is extended below the horizon line 275 as is illustrated in Figure 4c . In the shading analysis it is only important to determine if the sky vector is intersecting a feature or not. However, in the visibility assessment it is also important to keep track of what type of feature projected along the sky vec-280 tor (see Figure 6b ) lies closest to the building facet ( Figure 5b ). If, for instance, a tree is closer than a ground or terrain feature, then the roof is nonvisible from this angle. It may also be interesting to know the distance to the closest feature ( Fig-285 ure 5d), since the perception of an object decreases with distance, or from what angle the building facet is visible (Figure 5c) (Groß, 1991) . However, these aspects will not be further evaluated in this paper.
More importantly, the way the vantage area is de-290 fined, from which the buildings can be observed, has a significant impact on the results of the visibility assessment. The most conservative definition would be to treat all ground and facades (i.e., possibly populated by windows) as the vantage area. How-295 ever, private space, such as gardens, courtyards, windows from residential dwellings, etc., would be reserved for a limited number of observers and should logically not be given the same weight as the public space. Therefore, two different definitions of 300 the vantage area are evaluated here. In the first, all ground/terrain (GT) features of the model are included. Building facades are, however, excluded, since windows would only populate a small fraction of the facade and may have curtains, and therefore 305 the visibility would probably be over-estimated. In the second, only the public domain is considered, i.e., streets, squares and parks, which anyone can access.
The public domain is represented as dark gray in 310 Figure 6 . It has been raised by 1.7 m to represent the eye level of the observer (see observation level in Figure 6b ). The yellow area of Figure 6 represents GT and if this layer is used to define the vantage area, a copy of it is created and raised by 1.7 m.
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This layer is only used for the visibility assessment, and not the shading analysis. 
Case studies
The proposed methodology was evaluated in two case studies for the Swedish cities Stockholm and 320 Visby, respectively, as described below.
Case study 1: Stockholm
In this case study the method was applied on 90'000 buildings within the municipality of Stockholm, Sweden. This area was chosen since about 325 half of the buildings have been evaluated with respect to their cultural-heritage values by the Stockholm City Museum, where Blue corresponds to the highest values, followed by Green and Yellow. Buildings that are considered to have no 330 cultural-heritage values are classed as Gray and correspond to a very small part of the total building stock (0.3%). The reason that so few buildings are classed as gray is that according to Swedish law, all changes to a building, no matter its age, need 335 to be done carefully without distorting its originality (SFS, 2010) . This means that gray buildings have no values that are worth preserving and could as well be demolished. It is therefore likely, that the small fraction of gray buildings is representa-340 tive for the whole building stock (i.e., including the non-classed). This classification is combined with the solar irradiation and visibility assessments and presented in Section 3.1.
Case study 2: Visby
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In this case study, a more detailed analysis of the proposed method was performed. In total, 3388 buildings were studied, located within the city wall of the medieval part of Visby. Solar energy applications are currently prohibited within the city wall, In the second method, the public domain is defined from features in OpenStreetMap (OSM). Polygons in OSM are often classed, e.g., as buildings, parking lots, parks, etc., and features that are 365 not considered part of the public domain could thus be excluded from it. Naturally, building polygons should always be excluded, since these occupy the ground, but other features classed as, for instance, residential or industrial may also be excluded, de-370 pending on how conservative the public domain is defined. In this case study, no residential, nor in- dustrial areas were present within the city wall.
The streets in OSM are represented by lines, therefore they need to be translated when defining 375 the public domain. This was achieved by creating a buffer around the streets of different width, depending on the type of street (see Table 1 ). These widths are context-specific, and to a large extent they depend on the age of the city district and what 380 region in the world is studied. Table 1 presents the assumptions made for the different street types tagged as "highway" in OSM within the city wall of Visby. Figure 7 illustrates the difference between the 385 public domain if the Property Map or OSM is used to define it. The difference in terms of visibility across the city is presented in Section 3.2.
Results
In this chapter, the results of the two case studies 390 in Stockholm and Visby are presented. the Stockholm City Museum. The threshold for some visibility here corresponds to that the facet points of a facet are seen in average 3.7 times from the vantage area. The threshold was chosen so that it represented the same ratio of a test sample dis-400 trict as no visibility did using ground/terrain as vantage area. The table shows that only 2.4% of the total roof area (which was 18 km 2 ) is represented by buildings that have the highest classification, Blue. If thresholds for solar irradiation and visibility are 405 applied, the potential for solar energy applications of these roofs is insignificant. For instance, only 0.27% of the total area is available if no visibility is allowed, and an irradiation level of >900 kWh/m 2 is used (combination 2 in Table 2 ). Hence, the to-410 tal solar energy potential in Stockholm is almost not affected if these roofs are ruled out from solar energy applications.
Case study 1: Stockholm
On the other hand, a significant share of the building stock is classified with lower heritage val-415 ues, i.e., Green (23.5%) and Yellow (35.2%). For combination 2 in Table 2 , 2.57% of the total roof area is represented by buildings classed as yellow, which for instance would correspond to 70 GWh of annual electricity production if all these roofs were 420 covered by PV panels (1% of the annual electricity demand in Stockholm (Statistics Sweden, 2017) ). If assuming that the classified buildings are representative for the whole building stock, the potential for solar energy on yellow-classed roofs may approx-425 imately double (i.e., 2% of the electricity demand). Of course, there are several other parameters that further limit this potential, e.g., obstacles on the roofs, such as chimneys, ladders and bay windows, and the strength of the roof.
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An illustrative example of the annual solar irradiation, visibility and heritage classification is given in Figure 8 , representing the city district Hammarby in Stockholm. Figure 9 illustrates the results from the case study in Visby, in which the model output has been integrated in Google Earth. Figure 9a presents the color coded annual solar irradiation. The roofs of the six attached buildings in the back of the illus-440 trations are facing south, thus having the highest possible solar irradiation. Figure 9b shows that these roofs are not visible from the public domain, while Figure 9c shows that they are visible if all ground/terrain is included in the analysis. Hence, 445 this illustrates that the model effectively captures the difference between using only the public domain or all ground/terrain as vantage area, as roofs are visible from the courtyard in the center of the illustrations, but not from the street behind the build-450 ings. Table 3 presents statistics for the all buildings in Visby. From the table it is clear that there are significantly more roofs that have no or some visibility when only the public domain is considered, 455 compared to when all ground/terrain is included as possible vantage area, in line with the illustration in Figure 9 . For instance, Table 3 shows that 36% of the total modelled roof area in Visby is non-visible from the public domain, but only 16% 460 from ground/terrain. It should be stressed that the topography has a strong impact on the visibility. Visby lies on a slope with a height difference of more visible then in the case of a flat topography. In Figure 10 , statistics of the visibility of each roof type are presented, using OSM and ground/terrain in (a) and (b), respectively. Naturally, the visibility of flat roofs is not affected as 470 much as the visibility of the other roof types when expanding from OSM to ground/terrain.
Discussion
The results indicate that the proposed methodology accomplishes the main goal of this study, to 475 assess the visibility of solar applications on building envelopes from the point-of-view of the building, referred to as a target-based approach. The study also shows the importance of making a well-informed decision when defining the vantage area, as the results 480 of the visibility assessment have a high dependency on the choice. In urban planning processes it might actually be useful to study the visibility using different definitions (in line with this study), i.e., for all ground or the public domain. For some buildings, 485 technical installations, such as PV panels, may not be suitable, even if they are non-visible from any perspective, due to documentary values (Swedish National Heritage Board, 1998) . Other categories of buildings may be interesting, with no or low visibility from either the public domain or more strictly from ground/terrain, if the experiential values are most important. Furthermore, the weighting of the visibility from the public and private domain, respectively, could be assessed qualitatively by con-495 sulting experts on heritage values.
When visually inspecting the results of the building modelling for Visby, it was observed that many roofs were modelled as flat, when they were actually not. Flat roofs are, naturally, more likely to have 500 low visibility Florio (2018) , which means that in reality the roofs are probably more visible than Table  3 indicates. The reason for this is that the method for deriving the building models is quite simple (due its intended use of low-resolution LiDAR data), as 505 it uses a template of roof types of very basic roof shapes (Lingfors et al., 2017) . The simple model approach is a necessity for performing large-scale assessment studies, i.e., on city level. For detailed analysis of single buildings more accurate building 510 models are required in combination with other parameters of the building, such as building material, strength of the roof construction, etc. Thus, the model performs well for buildings of simple roof topography but less so for more complex roof to-515 pographies. A priority for future studies should be to evaluate the accuracy of the building modelling.
The ratio of non-visible roofs is lower in Stockholm than in Visby (8.6% vs. 16%, see Tables 2 and  3 , respectively). There may be several reasons for 520 this. Visby is a medieval town with narrow streets, which means that the public domain is smaller than in Stockholm in average, Since Stockholm consists of both older districts in the city core and newer ones, in the periphery, with more spacing between 525 the buildings. The complexity of the buildings in Visby is also higher in general, which means that the roofs are more likely incorrectly classified as flat.
The results could, however, be compared to those 530 of Florio (2018) , in which 50% of the roof top area in Geneva, Switzerland, was modelled as non-visible, which is higher than if the public domain is considered (36%) in the model proposed here. Remember that in Florio (2018) , vantage points were sampled 535 along the street network of the city (as in Figure  3 ), even further reducing the total area for which the visibility is assessed. This may partly explain the difference, but there might also be other factors such as differences in topography of the two cities 540 and the height of the buildings.
Since discrete steps of azimuth and elevation are used for the sky vectors, there is a risk of missing objects which decrease with the distance from the roof under evaluation. On the other 545 hand, while distant objects may still be important for the visibility assessment, the perception of an object is decreasing with the distance following the Beer-Bouguer-Lambert's law. Previous studies have shown that the shading is mainly affected by 550 nearby objects within a radius of 50 m (Lingfors et al., 2017) . Just as increasing the radius of the viewshed analysis, decreasing the discrete steps of the sky vectors will mean a longer computational time, i.e., there is a trade-off between accuracy and 555 computational time. This matter will be further evaluated in a follow-up study, in which the visibility will be qualitatively assessed and compared to the model when applying different resolutions of the sky-vector steps and Delaunay triangulation. 
Conclusions
In this study, a new method for assessing the visibility of features on building envelopes has been developed, with applications to solar energy technologies. It mainly differs from the majority of vis-565 ibility assessment methods in that the analysis is based on the target, i.e., building envelope, rather than a set of vantage points. By flipping the perspective in this way, the visibility assessment is only required for those buildings that are of inter-570 est. The study illustrates the importance of the choice of vantage area from which the building envelope can be observed. If the public domain is chosen, non-visible roof surfaces doubled compared to if all ground/terrain was chosen. However, the 575 most proper definition depends on the context. The study exemplifies the usability of the method for solar energy applications on historical buildings by combining the visibility with the solar irradiation onto and cultural-heritage values of a building. Fur-580 thermore, the target-based approach proposed here may be used in other contexts in which the visibility is important to assess. within the research program "Spara & Bevara". This work forms part of the Swedish strategic re-590 search programme StandUp for Energy.
Bibliography Bartie, P., Reitsma, F., Kingham, S., Mills, S., 2010. Advancing visibility modelling algorithms for urban environments.
Computers, Environment and Urban
